Introduction {#section1-0963689718759649}
============

Mesenchymal stem cells (MSCs) hold great promise for revolutionizing the dental regeneration field^[@bibr1-0963689718759649][@bibr2-0963689718759649]--[@bibr3-0963689718759649]^. They can be derived from the bone marrow (BM)^[@bibr4-0963689718759649]^, the adipose tissue^[@bibr5-0963689718759649]^, the dental pulp^[@bibr6-0963689718759649]^, the gingival tissue^[@bibr7-0963689718759649]^, or the periodontal ligament (PDL)^[@bibr2-0963689718759649],[@bibr8-0963689718759649]^. MSCs are pluripotent cells that have the ability to differentiate into different type of cells (osteogenic, chondrogenic, and adipogenic)^[@bibr9-0963689718759649][@bibr10-0963689718759649][@bibr11-0963689718759649]--[@bibr12-0963689718759649]^. Despite the various sources of MSCs, the bone marrow mesenchymal stem cell (BMSC) has been considered the gold standard and used extensively in cell therapy applications. One of the major drawbacks is the high invasiveness and low yield of their harvesting, making access to a large volume of BM from healthy donors very difficult^[@bibr13-0963689718759649][@bibr14-0963689718759649]--[@bibr15-0963689718759649]^. Currently, five different human dental stem cells have been isolated and characterized: dental pulp stem cells (DPSCs), stem cells from exfoliated deciduous teeth, PDL stem cells (PDLSCs), stem cells from apical papilla (SCAP), and dental follicle progenitor cells^[@bibr16-0963689718759649]^. Gronthos et al. isolated and characterized DPSCs and compared them with BMSCs. While the comparative analysis led to a similar immunophenotype, their osteogenic differentiation potential resulted in sporadic calcified nodules in comparison with BMSCs. Additionally, DPSCs were unable to differentiate toward an adipogenic pheynotype^[@bibr6-0963689718759649]^. Human gingiva plays an important role in the maintenance of oral health and shows a unique fetal-like scarless healing process after wounding. The gingival tissue is an accessible source from the oral cavity; it is often resected during general dental treatments, and is treated as a biomedical waste^[@bibr17-0963689718759649]^. Gingival connective tissue is a reservoir of MSCs that could be used in regenerative procedures based on tissue engineering. Donor variability and the site of stem cell extraction play a crucial role in the quality of stem cells in order to ensure a successful therapy^[@bibr18-0963689718759649],[@bibr19-0963689718759649]^. Therefore, taking into consideration all of the variables, a head-to-head comparative study addressing the pros and cons for the use of each of the dental cell sources is still missing. In fact, donor variation in MSC growth, differentiation, and in vivo ability is a bottleneck for standardization of therapeutic protocols^[@bibr20-0963689718759649]^. Indeed, in a previously published work, we showed that donor-to-donor variation limits greatly comparison studies from any different MSC sources, as demographically matched donors presented different MSC performance that did not cluster according to age range^[@bibr21-0963689718759649]^. Although the ideal situation would be to study haploidentical MSCs, this has been difficult to achieve in many cases owing to the difficulty in obtaining a matched pair of samples from the same human donor. However, dental tissue offers the rare opportunity for comparing the biological characteristics of haploidentical MSCs isolated from the same donors. Hence, in order to dismiss the donor-to-donor variation, we designed this comparative study of the biological characteristics using haploidentical MSCs from gingival and dental pulp tissue. All the isolated cells were fully characterized and compared for their biological activities including proliferation, the ability to form colony forming units (CFUs), mesodermal differentiation, surface marker expression, and most importantly for their angiogenic potential both in vitro and in vivo. A great number of functionally competent clinical-grade MSCs can be generated over a short period of time from human gingiva or dental pulp for cell therapy in the future. Results of this comparative study will assist health professionals in selecting the optimal MSC source for dental regeneration.

Materials and Methods {#section2-0963689718759649}
=====================

Isolation of Dental Pulp, GMSCs and In Vitro Expansion {#section3-0963689718759649}
------------------------------------------------------

Three healthy individuals (1 man and 2 women) aged between 18 and 25 without any evidence of dental caries were recruited. The third molars and the gingival tissue were collected in the dental school of Universidad de Los Andes, San Bernardo. After signing an informed consent form and following the ethical approval of the Universidad de los Andes, the surgery was performed after disinfecting the patient's mouth with 0.2% chlorhexidine and then local anesthesia was injected in the area of interest. The third molars (wisdom teeth) often develop in abnormal positions, and most of the time they are unable to erupt properly. The third molar removal is necessary under different indications. In this study, the third molars were extracted by surgical and orthodontic indications for one of the following diagnoses: decubitus position of the third molar, periodontal commitment of the second molar, nonfunctional (unopposed and soon to supraerupt), or prophylaxis. The inclusion and exclusion criteria were added along the study design in the Supplementary Material, therefore avoiding the appearance of any future complication, such as oral or lingual ulcer, lesion to the second molar, and dental displacements^[@bibr22-0963689718759649]^. The MSCs were considered haploidentical as they were isolated from the dental pulp of the third molars and from gingival tissues of the same patient during the same dental appointment. The third molars and the gingival tissue were removed and were transferred in a tube containing 2 mL of cell culture medium (α-minimum essential medium Eagle \[α-MEM\], Thermofisher, Massachusetts, USA with 10% and 1% Penicillin Streptomycin \[Penn Strep\], Thermofisher, Massachusetts, USA). The extracted teeth and mesenchymal gingival tissue were washed with serum (Invitrogen, California, USA) and transported to the laboratory for further processing. The DPSCs and the GMSCs were isolated with direct cell outgrowth from the tissue explants. All 3 explants from each tissue were processed separately and incubated for 20 d until the dish reached confluence and pulp cells with a fibroblast-like morphology were observed. Therefore, 3 different DPSC and GMSC populations were generated based on these biopsies. At confluency, cells were washed with 1× phosphate-buffered saline (PBS; Sigma, Missouri, USA), trypsinized (Invitrogen), and centrifuged at 1,500 rpm for 5 min and subcultured to a flask (T75-Nunc, Roskilde, Denmark, USA). The cultures were continued until reaching passage 3 to 4 where they were used for all the experiments. For all the biocompatibility experiments, the cells from each donation of DPSCs and GMSCs were analyzed separately, and the cells from different donors or sources were never pooled together.

Characterization of MSCs Derived from DPSCs and GMSCs {#section4-0963689718759649}
-----------------------------------------------------

DPSCs and GMSCs were characterized by their plastic adherence capacity, fibroblast-like morphology, proliferation potential, immunophenotypic profile, colony--forming unit frequency (CFU-F), and the capacity to differentiate into adipocytes, chondrocytes, and osteoblasts.

Immunophenotypical Profile by Flow Cytometry {#section5-0963689718759649}
--------------------------------------------

For the immunophenotypic characterization, cells were incubated with the specific labeled antibodies Immunoglobulin G1 light chain kappa Fluorescein isothiocyanate (IgG1k-FITC), IgG1k-R-phycoerythrin (PE), CD90-FITC, cluster of differentiation (CD) 105-PE, CD45-FITC, CD34-PE, CD44-FITC, CD73-PE, CD29-PE, IgG1k-AF488, IgG2bk-PE, CD11b-AF488, and Human Leukocyte Antigen -- antigen D Related (HLADR)-PE (BD, Franklin Lakes, New Jersey, USA). The samples were incubated with the antibodies for 20 min at 4 °C in a dark area and then were washed with 4 mL of PBS 1× and centrifuged at 1,800 rpm for 6 min; the supernatant was removed. The cells were further washed with 1 mL of PBS 1× and centrifuged at 1,800 rpm for 6 min. Finally, the supernatant was removed, and the cells were resuspended in 500 μL of PBS 1×. In addition, LIVE/DEAD® Fixable Dead Cell Stain Kit (Invitrogen) was used to determine the viability of cells by flow cytometry according to the manufacturer's protocol. Data (5,000 events) were collected using a FACS Canto II Flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo analysis software version, v10.4.2 (FlowJo LLC, Ashland, Oregon, USA).

Mesodermal Differentiation {#section6-0963689718759649}
--------------------------

The mesodermal differentiation was performed as previously described^[@bibr20-0963689718759649]^. For adipogenic differentiation, 50,0000 cells were incubated in a 4-well plate (Nunc) and incubated for 24 h with proliferation medium α-MEM (Thermofisher, Massachusetts, USA) (10% fetal bovine serum \[FBS\], \[Sigma, California, USA\] and 1% Penn Strep, \[Thermofisher, Massachusetts, USA\]) at 37 °C, 5% CO~2~, and then switched to 500 μL adipogenic differentiation medium containing α-MEM, 10% FBS, Penn Strep (1%), dexamethasone (0.11 mM), insulin (10 mg/mL), and indometacin (0.02 mg/mL; Sigma, California, USA). The cells were incubated for 4 wks, and the medium was changed every other day. At day 30, the cells were washed with 1 mL of PBS 1× and stained with 1 m of Oil Red (Sigma, California, USA) in isopropanol 60% v/v for 1 h at room temperature. Then, the cells were washed 2 times with 1 mL of PBS 1×, and images were taken with an inverted microscope (Olympus CKX41, Tokyo, Japan). For osteogenic differentiation, 70,000 cells were plated in 4-well plates with proliferation medium and incubated for 24 h with proliferation medium α-MEM (10% FBS and 1% Penicillin-Streptomycin) at 37 °C, 5% CO~2~, and then switched to 500 μL differentiation medium α-MEM, 10% FBS, Penn Strep (1%), dexamethasone (0.1 mM), β-glycerophosphate (10 mM; Sigma, California, USA), and ascorbate-2-phosphate (50 mg/mL; Sigma). The cells were incubated for 4 wks, and the medium was changed every other day. At day 30, the cells were washed with 1 mL of PBS 1× and stained with 1 ml of Alizarin Red 40 mM in NaH~2~PO~4~ (0.1 M, pH 4.3; Sigma, California, USA). The cells were washed 2× with 500 μL of PBS 1× and fixed with 70% ethanol for 30 min at room temperature. Then, the cells were washed 2 times with 1 mL of PBS 1× and further stained with 500 μL of Alizarin Red 40 mM in NaH~2~PO~4~ (0.1 M, pH 4.3) for 10 min at room temperature. Finally, the cells were washed 2 times with 1 mL of PBS 1× and 5 times with 1 mL distilled water. Images were taken with an inverted microscope (Olympus CKX41). For chondrocyte differentiation, 60,000 cells were plated in a 10 μL drop in the middle of a 4-well plate for the creation of the micromass. The drop of cells was incubated for 1 h and then 500 μL of differentiation medium was used (α-MEM, 10% FBS, Penn Strep \[1%\], dexamethasone \[0.1 mM\], insulin \[5 mg/mL\], transforming growth factor-β1 \[10 ng/mL\], ascorbate-2-phosphate \[50mg/mL\]). The cells were cultured for 4 wks, and the medium was changed every other day. At day 30, the cells were washed with 1 mL of PBS 1× and stained with 1 ml Safranin O (0.1%). The cells were washed with 1 mL of PBS 1× and fixed with 250 μL ethanol (70%) for 10 min. Then, the cells were washed with 1 mL of PBS 1× and then further stained with 250 μL of Safranin for 5 min at room temperature. Finally, the cells were washed 5 times with 250 μL ethanol (100%) followed by a 5-time wash with distilled water. Images were taken with an inverted microscope (Olympus CKX41).

CFUs {#section7-0963689718759649}
----

The CFU assay was used to estimate the fibroblast colony forming ability of MSCs reflecting the quality of the different cell preparations. For this, 150 or 250 cells were seeded in a 6-well plate (Nunc) with 2.5 mL proliferation medium α-MEM and incubated at a 37 °C, 5% CO~2~ for 14 d. Cells were stained with Crystal Violet (Merck, Darmstadt, Germany) and counted using an inverted microscope (Olympus CKX41).

Water-soluble tetrazolium salts (WST)-1 Cell Proliferation Assay {#section8-0963689718759649}
----------------------------------------------------------------

In order to compare the proliferation capacity between DPSCs and GMSCs, 1,000 cells were plated in a 24-well plate (Nunc) for 24 h with proliferation medium α-MEM (10% FBS and 1% Penn Strep) at 37 °C, 5% CO~2~. The proliferation rate was measured at various time points (day 1, 3, 6, and 9) using the WST-1 methods following the manufacturer's instruction (Roche Applied Science, Penzberg, Upper Bavaria, Germany, USA). The absorbance was measured using a plate reader (Tecan, Chapel Hill, North Carolina, USA) at 450 nm with a reference wavelength at 570 nm.

In Vitro Scratch Assay {#section9-0963689718759649}
----------------------

The cell migration was evaluated with a scratch assay, where 350,000 cells were seeded in a 6-well plate with proliferation α-MEM (10% FBS and 1% Penn Strep) at 37 °C, 5% CO~2~. After 24 h of incubation, a scratch was made with a 10-μL pipet tip (Thermo Fisher Scientific, Massachusetts, USA). Images were taken at various time points (4, 8, 12, and 24 h) using an inverted microscope until the complete closure of the gap. The images were analyzed with the WimScratch Software (Wimasis, München, Germany).

In Vitro Tube Formation Assay and Measurement of Angiogenic Factors {#section10-0963689718759649}
-------------------------------------------------------------------

The angiogenic potential of DPSCs or GMSCs was evaluated based on their capacity to form tube-like structures in vitro (total branching points, total tube length, and total loops). DPSCs or GMSCs (60,000 in total) were seeded on a precoated 24-well plate (Nunc) with standard Matrigel matrix (BD Biosciences) and incubated for 5 h at 37 °C, 5% CO~2~ with endothelial cell growth medium (EGM; Lonza, Cleveland, TN, USA). Additionally, to determine the angiogenic potential of MSC-conditioned media (CM), 500,000 cells (DPSC or GMSC) were incubated under hypoxic (1% O~2~) or normoxic conditions for 48 h. Subsequently, human umbilical vein endothelial cells (HUVECs) were plated with the MSC-CM, EGM-2 as positive control, or α-MEM (negative control) coated with Matrigel matrix. In both in vitro experiments described previously, images were taken after 5 h of incubation with an inverted microscope and analyzed with the WimTube software (Wimasis image analysis, München, Germany). Finally, the different MSC-CM was collected, and the secreted levels of vascular growth factor (VEGF) and hepatocyte growth factor (HGF) were measured using the DuoSet ELISA Development System (R&D Systems, Minneapolis, USA) following the manufacturer's instruction.

Matrigel Plug Assay {#section11-0963689718759649}
-------------------

To compare the angiogenic potential of DPSCs and GMSCs in vivo, the Matrigel plug assay was performed in an 8-wk-old NOD.Cg-Prkdc^scid^ Il2rg^tm1Wjl^/SzJ (NSG) mice (Jackson Laboratories, Bar Harbor, ME, USA). All in vivo studies received approval by the Universidad de Los Andes ethical committee for animal experimentation. Additionally, the authors have completed and complied with animal research reporting of in vivo experiments guidelines/checklist for preclinical animal studies. Specifically, 3,000,000 cells were mixed with 250 μL of Matrigel high concentration growth factor reduced (HC GFR) (BD Biosciences) with 50 ng/mL VEGF (R&D Systems, USA) and injected subcutaneously using a 23-G syringe in both flanks of the mouse (2 Matrigel plugs per mouse---6,000,000 cells). The mice (24 mice in total) were divided into 4 different groups: (1) Matrigel alone, (2) GMSC + Matrigel, (3) DPSC + Matrigel, and (4) HUVECS + Matrigel (positive control). After 14 d postimplantation, the mice were euthanized, and the plugs were removed. Images were taken of the implanted plugs, and the quantity of new vessels formed around the implants was quantified with image processing and analysis in java. The Matrigel implants were homogenized, and hemoglobin content of the implant was determined by Drabkin's reagent kit (Sigma). Thereafter, the Matrigel implants were removed and placed in 10% formalin (Sigma). Then, they were paraffin embedded, and longitudinal sections of 4 μm were stained for hematoxylin and eosin (H&E; Sigma). Some of the sections were used for immunohistochemical analysis.

Immunohistochemistry {#section12-0963689718759649}
--------------------

Deparaffinized sections were dehydrated in a series of xylol and alcohol series, and then, the antigen recuperation was performed using citric buffer. The samples were immersed in 3% H~2~O~2~ for 15 min and then blocked with BSA for 30 min. The primary incubation was performed overnight at 4 °C using the following antibody: (1) human leukocyte antigen (anti-HLA-A; EP 1395Y, Abcam, (MA, USA). Isotype-matched control antibody was used under the same conditions as the primary antibody. For enzymatic immunohistochemical staining, VECTASTAIN® Universal ABC kit (Vector Laboratories, Burlingame, USA) was used according to the manufacturer's protocol. All sections were counterstained with hematoxylin and mounted with a 10 µL drop of Entellan (Merck, Darmstadt, Germany). The amount of protein expression was calculated with ImageJ and was expressed as percentage of the area coverage.

Statistical Analysis {#section13-0963689718759649}
--------------------

All experiments were performed in triplicate (n = 3) and data were expressed as the mean and standard error of the mean. The comparison between the groups was made with Kruskal--Wallis and Tukey's tests. A probability value of 0.05 was considered statistically significant.

Results {#section14-0963689718759649}
=======

GMSCs Display a Higher Proliferation Rate in Comparison with DPSCs {#section15-0963689718759649}
------------------------------------------------------------------

DPSCs adn GMSCs, similarly to previous observations, showed similar fibroblast-like characteristics as seen in previous reports^[@bibr17-0963689718759649],[@bibr23-0963689718759649]^. To evaluate the fibroblastic-colony-forming ability of MSCs, the CFUs were calculated based on a series of cell dilutions. The results have shown that there was a significant increase in the formation of CFUs for both concentrations of GMSCs (1.7- and 1.4-fold higher, respectively, *P* \< 0.05; [Fig. 1A and B](#fig1-0963689718759649){ref-type="fig"}). Additionally, the proliferation between the DPSC and GMSC was investigated using a WST-1 cell proliferation assay. A significant increase in the proliferation of GMSCs at day 6 was observed (2.6-fold higher, *P* \< 0.05; [Fig. 1C](#fig1-0963689718759649){ref-type="fig"}).

![Gingival mesenchymal stem cells (GMSCs) and dental pulp stem cells (DPSCs) showed different clonogenic and proliferation potentials. (A) Representative images of colony-forming units (CFUs) stained with crystal violet after 20 d in culture. (B) An increase in the formation of CFUs was observed for both concentrations (150 cells and 250 cells) for GMSCs compared to DPSCs with a *P* \< 0.05. (C) Quantification of cell proliferation between DPSCs and GMSCs incubated at different time points (1, 3, 6, and 9 d). An increase in the proliferation of GMSCs compared to DPSCs was observed between day 6 compared to DPSCs with a *P* \< 0.05. (D) In vitro migration comparison between DPSCs and GMSCs based on a 24-h scratch wound healing assay. (E) GMSCs display a better migratory capacity compared to DPSCs for 4, 8, and 12 h (*P* \< 0.05). At 24 h, no significant change in the proliferation was observed. All data are represented as a mean with the associated standard error of the mean (*n* = 3) of a minimal 3 donors.](10.1177_0963689718759649-fig1){#fig1-0963689718759649}

GMSCs Exhibit a Superior Migratory Capacity in a Wound Scratch Assay {#section16-0963689718759649}
--------------------------------------------------------------------

To evaluate the migration potential of DPSCs and GMSCs, a wound scratch assay was performed. The migratory capacity was evaluated from each time point (4, 8, and 12 h) in correlation to 0 h (images not shown). There was a significant increase in the migration of GMSCs compared to DPSCs for 4, 8, and 12 h (2.1-, 1.5-, and 1.2-fold higher, respectively, *P* \< 0.05). No significant difference was observed at 24 h, where full wound closure was reached by both cell sources. This experiment indicates that GMSCs possess a higher migration potential in comparison to DPSCs for all the different time points analyzed ([Fig. 1D and E](#fig1-0963689718759649){ref-type="fig"}).

DPSCs and GMSCs Express Common MSC Markers with No Significant Difference {#section17-0963689718759649}
-------------------------------------------------------------------------

Both cell sources showed a positive expression of the common MSC markers such as CD29, CD73, CD90, CD105, and CD44 and a negative for CD34, CD45, CD11b, and HLA-DR for both DPSCs and GMSCs ([Fig. 2A and B](#fig2-0963689718759649){ref-type="fig"}). GMSCs and DPSCs were induced to differentiate into mesodermal tissues (adipogenic, chondrogenic, and osteogenic) lineages. No immunophenotypical differences were observed between GMSCs and DPSCs ([Fig. 3](#fig3-0963689718759649){ref-type="fig"}).

![Gingival mesenchymal stem cells and dental pulp stem cells express common mesenchymal stem cell (MSC) markers. (A) MSCs were stained with labeled monoclonal antibodies against known MSC surface markers (blue) and their respective isotypes (gray), cells were analyzed by flow cytometry. All MSCs were positive for CD29, CD73, CD90, CD105, and CD44 and negative for CD34, CD11b, CD45, and human leukocyte antigen-DR. (B) No significant difference was observed for CD29, CD73, CD90, CD105, and CD44. All data are represented as a mean with the associated standard error of the mean (*n* = 3) of a minimal 3 donors.](10.1177_0963689718759649-fig2){#fig2-0963689718759649}

![Dental pulp stem cells and gingival mesenchymal stem cells display similar mesodermal differentiation potential. Images illustrating mesenchymal stem cell trilineage differentiation following incubation with differentiation medium for 30 d and stained with Oil Red O (adipocytes), Alizarin red (osteocytes), and Safranin O (chondrocytes).](10.1177_0963689718759649-fig3){#fig3-0963689718759649}

GMSCs Were Able to Form a Higher Number of Tube-like Structures Compared to DPSCs {#section18-0963689718759649}
---------------------------------------------------------------------------------

The angiogenic ability designated by the ability of DPSCs and GMSCs to form tubular networks was investigated in vitro in a semisolid medium (Matrigel). The in vitro angiogenesis was evaluated with the following characteristics: (1) total branching points, (2) total tube length, and (3) total loops ([Fig. 4A](#fig4-0963689718759649){ref-type="fig"}). Image analysis of the tube formation evaluated at 5 h postculture initiation showed a higher angiogenic capacity evidenced by a more extensive network of capillary-like structures for GMSCs as compared to DPSCs (1.17-fold higher for total tube lengths and 1.5-fold for total loops, *P* \< 0.05; [Fig. 4C and D](#fig4-0963689718759649){ref-type="fig"}). In order to evaluate their secreted paracrine factors, we measured in a separate experimental setting the angiogenic factors released in the CM harvested from DPSCs and GMSCs after 48 h incubation under hypoxic (1% O~2~) or normoxic conditions. HUVECS were resuspended with the CM and were seeded onto precoated plated with growth factor--reduced Matrigel. α-MEM (basal media) and EGM (angiogenic media) were used as the negative and positive controls, respectively. The tube formation was analyzed after 5 h of incubation. Images were taken, and the results have shown a higher tubular structure for the HUVECS incubated with the conditioned medium under hypoxic conditions versus normoxic ([Fig. 4E](#fig4-0963689718759649){ref-type="fig"}). There was a significant difference in the formation of total tube lengths, total loops, and total branching points between hypoxia GMSCs and hypoxia DPSCs (1.3-fold higher for total tube lengths, 1.4 higher for total branching points, and 1.7 for fold total loops; *P* \< 0.05; [Fig. 4F--H](#fig4-0963689718759649){ref-type="fig"}). The quantification of angiogenic factors ([Fig. 4I and J](#fig4-0963689718759649){ref-type="fig"}) revealed a significant increase in the VEGF release for GMSCs compared to DMPCs after 48 h of incubation under hypoxic conditions (*P* \< 0.05). The release of HGF was higher after 48 h of incubation for both GMSCs and DPSCs between hypoxic and normoxic conditions.

![In vitro angiogenesis comparison between dental pulp stem cells (DPSCs) and gingival mesenchymal stem cells (GMSCs) based on a 5-h culture in the Matrigel. (A) Images were analyzed using a Wimasis software. GMSCs were shown a higher potential to form (C) tube-like structure (*P* \< 0.05) and (D) total loops (*P* \< 0.05) in Matrigel-coating cultures compared to DPSC. (B) No statistical difference was observed in the formation of total branching points between DPSCs and GMSCs (b). Human umbilical vein endothelial cells were used as a positive control. All data are represented as a mean with the associated standard error of the mean (*n* = 3) of a minimal 3 donors. (E) In vitro angiogenesis comparison between DPSC and GMSC-conditioned media (CM) under hypoxic and normoxic conditions. The GMSC-CM under hypoxic conditions were shown a better potential to form (F) total branching points (*P* \< 0.05), (G) total tube length (*P* \< 0.05), and (H) total loops (*P* \< 0.05) conditions compared to supernatant of DPSCs. Endothelial cell growth medium (EGM) and α-minimum essential medium Eagle were used as a control (E). An ELISA was performed to measure (I) protein levels of vascular growth factor (*P* \< 0.05), (J) protein levels of hepatocyte growth factor (*P* \< 0.05). All data are represented as a mean with the associated standard error of the mean (*n* = 3) of a minimal 3 donors.](10.1177_0963689718759649-fig4){#fig4-0963689718759649}

Angiogenic Potential of GMSCs and DPSCs In Vivo {#section19-0963689718759649}
-----------------------------------------------

To comparatively evaluate the angiogenic potential of GMSCs and DPSCs, a Matrigel plug was implanted in a NSG mouse. After 15 d, the implants were collected and photographs were taken for image analysis. As shown in [Fig. 5A](#fig5-0963689718759649){ref-type="fig"}, all plugs generated vessels around and inside the implant. After image analysis using ImageJ, the results have shown similar vessel formation for GMSCs versus DPSCs ([Fig. 5B](#fig5-0963689718759649){ref-type="fig"}). Additionally, the implants were extracted and analyzed for their hemoglobin content. The quantification results show a significant difference and a higher hemoglobin content of GMSCs compared to Matrigel (negative control; *P* \< 0.05); however, no significant difference was observed in the formation of new vessels around the implants between GMSCs and DPSCs ([Fig. 5C](#fig5-0963689718759649){ref-type="fig"}). The H&E staining, 12 d after implantation, revealed several luminal structures containing red blood cells ([Fig. 5](#fig5-0963689718759649){ref-type="fig"} ). Also, the presence of cell invasion was revealed only in the plugs containing cells (MSCs). Additionally, specific HLA-A immunostaining revealed the presence of human MSCs within the Matrigel plug at days 1 and 12 ([Fig. 5A](#fig5-0963689718759649){ref-type="fig"}). The quantification of HLA-A staining revealed the proliferation of the human cells in vivo. A comparable 2.2-fold increase (*P* \< 0.05) was measured for both DPSCs and GMSCs at 12-d postimplantation ([Fig. 5D](#fig5-0963689718759649){ref-type="fig"}).

![Comparison of the angiogenic potential of dental pulp stem cells (DPSCs) and gingival mesenchymal stem cells (GMSCs) in a mouse plug assay model. In order to determine the angiogenic capacity between DPSCs and GMSCs, a Matrigel plug assay was performed in NOD.Cg-Prkdc^scid^ Il2rg^tm1Wjl^/SzJ mice. The mice were divided into 4 different groups, namely, human umbilical vein endothelial cells (positive control), Matrigel (negative control), DPSCs, and GMSCs. The different cells (2 × 106) were mixed with a growth factor reduced Matrigel and implanted subcutaneously. At 15-d posttransplantation, the implants were harvested and (A) images were taken, and (B) quantification of the vessels around the implant was performed using the ImageJ software (*P* \< 0.05). (C) Also a quantification of the hemoglobin content (μg/mL) was performed using Drabkin's reagent at different concentrations (*P* \< 0.05). Histological staining (A) Matrigel implants containing DPSCs or GMSCs were evaluated at 12-d postsubcutaneous implantation in mice. Macroscopic view of explanted Matrigel plugs. Hematoxylin and eosin (H&E)-staining of implants containing DPSCs, GMSCs, or Matrigel alone (control) preimplantation and 12-d post implantation (20× and 40× magnification). H&E-staining showing (40× magnification) high-power view of 1 microvessel containing hematopoietic cells. (A) Human leukocyte antigen (HLA-A) immunostaining revealed the presence of human mesenchymal stem cells within the Matrigel at days 1 and 12. (D) The amount of HLA-A expression was measured using Image J, showing an increase for both DPSCs and GMSCs at day 12 (postimplantation) in comparison to day 1 (preimplantation; P \< 0.05).](10.1177_0963689718759649-fig5){#fig5-0963689718759649}

Discussion {#section20-0963689718759649}
==========

Stem cells from the oral cavity such as DPSCs and GMSCs offer a promising source for cell therapy due to their abundance and accessibility. In this study, we examined differentially expressed regulatory factors for MSCs involved in key biological function of haploidentical MSCs isolated from the gingival and DPSCs. The characterization included comparisons of their proliferation potential, their ability to form colonies, mesodermal differentiation, surface antigen expression, and finally for their angiogenic potential, both in vitro and in vivo through tubule and plug transplantation assays. Both DPSCs and GMSCs showed similar expression of the typical MSC surface markers and the trilineage differentiation potential; however, no differences were observed between DPSCs and GMSCs. Previous studies have demonstrated a trilineage differentiation for DPSCs^[@bibr24-0963689718759649]^ and GMSCs^[@bibr23-0963689718759649],[@bibr25-0963689718759649][@bibr26-0963689718759649][@bibr27-0963689718759649]--[@bibr28-0963689718759649]^. In a comparison study between DPSCs, PDLSCs, and PAFSCs (periapical follicle stem cells), no chondrocyte differentiation was observed^[@bibr29-0963689718759649]^. Another aspect including the proliferation, migration, and the ability to form colony units between GMSCs and DPSCs was investigated. The results have shown a significant increase in the proliferation of GMSCs compared to DPSCs at day 6 of culture. Similarly, GMSCs have exposed an accelerated migration profile at all the different time points (4, 8 and 12 h) based on a scratch wound assay. Additionally, the CFU-F assay confirmed that GMSCs and DPSCs were clonogenic, with a significant advantage of GMSCs over the other cell source. These results coincide with previous studies where GMSCs were compared to BMSCs, and the results have shown that GMSCs did not lose their MSC characteristics at higher passages and the proliferation rate of GMSCs was significantly higher compared to BMSCs^[@bibr7-0963689718759649]^. Similarly, in a different study, the proliferation between GMSCs and PDLSCs pointed at a higher cell proliferation rate for GMSCs following 8 d of culture^[@bibr17-0963689718759649]^. It is very challenging to draw conclusions or extrapolate these results as the extent of donor variability throughout the characterization process can lead to high inconsistencies. MSCs from the same source have shown significant differences that were associated with demographic or genetic variations^[@bibr18-0963689718759649],[@bibr19-0963689718759649]^. However, the advantage of studying haploidentical cells, as done in this study, circumvents this limitation. The current regenerative approaches, based on the use of MSCs, consider their multiple biological properties including angiogenic potential. The angiogenic function is relevant in multiple conditions, including local ischemia, where the activation and proliferation of endothelial cells are required to form neovasculature or remodel existing collaterals. The angiogenic effect of GMSCs versus DPSCs was investigated in vitro through a tubule formation assay. The results point at an increase in the formation of total tube length and total loops for GMSCs compared to DPSCs. No significant difference in the formation of total branching points was observed between DPSCs and GMSCs. Additionally, we demonstrate that GMSCs and DPSCs incubated for 48 h under hypoxic conditions induce an angiogenic effect on the cells compared to normoxic conditions. Interestingly, GMSCs have demonstrated higher angiogenic potential under hypoxic conditions with a significant increase in total loops, total branching points, total tube length and also the increase of VEGF compared to DPSCs. Different studies have demonstrated that DPSCs have a better angiogenic potential compared to different oral stem cell populations. Hilkens et al. investigated the paracrine angiogenic properties of DPSCs, SCAPs, and FSCs. They showed an increase in the tubulogenesis of DPSC-conditioned medium compared to the negative control situation as was shown by an in vitro Matrigel assay^[@bibr30-0963689718759649]^. The results of the in vivo plug assay showed a significant increase in the hemoglobin content of GMSCs compared to the control (Matrigel alone); no differences were observed between DPSCs and GMSCs in the formation of new vessels around the implant. The difference between the angiogenic results obtained in the tubule versus the plug transplantation assay could be related to both experimental timing and microenvironment conditions. In vivo hypoxic conditions such as limb ischemia models might be useful to consider in the future assessing the angiogenic properties. Previously, it has been demonstrated that DPSCs injected in rats to induce angiogenesis by secreting proangiogenic and antiapoptotic factors have shown after 4 wk that DPSC-treated animals have shown an improvement in cardiac function, in parallel with a reduction in infarct size^[@bibr31-0963689718759649]^. Importantly, cell invasion and proliferation were only noted when the plug contained MSCs, independently of their origin. The human origin of the cells detected in the plugs at different time points demonstrates their survival and proliferation capacities. It is important to mention that cell rejection was not assessed in those experiments, as the engraftment assay was performed in immunodeficient NSG mice.

Conclusion {#section21-0963689718759649}
==========

The present work describes the differences between haploidentical MSCs isolated simultaneously from 2 different sites of the oral cavity of 3 donors. GMSCs displayed a higher capacity to proliferate, migrate, and form angiogenic tubules compared with DPSCs in vitro and in vivo. Additionally, GMSCs are abundant, and their harvest is less invasive, therefore providing a good cell source for regenerative purposes. By using cells from the same donor, our comparative studies bypass the donor variation and hence, present robust comparison data between DPSCs and GMSCs. These results provide clinicians with strong arguments and considerations when it comes to single out the best cell origin among dental sources for different regenerative and tissue engineering applications^[@bibr24-0963689718759649],[@bibr25-0963689718759649]^.
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